Eleven types of manganese-containing electrode materials were subjected to longterm storage at 55°C in 1M LiPF 6 ethylene carbonate/dimethyl carbonate (EC/DMC) solutions. The amount of manganese dissolution observed depended upon the sample surface area, the average Mn oxidation state, the structure, and substitution levels of the manganese oxide. In some cases, structural changes such as solvate formation were exacerbated by the high temperature storage, and contributed to capacity fading upon cycling even in the absence of significant Mn dissolution. The most stable materials appear to be Ti-substituted tunnel structures and mixed metal layered oxides with Mn in the +4 oxidation state.
Introduction
The manganese oxide system is polymorphous, and includes a wide variety of spinel, layered, and tunnel-containing structures. Several of these materials have found use as battery cathodes for either alkaline or Li ion batteries; most notably γ-MnO 2 and spinels related to LiMn 2 O 4 . In the case of the latter, widespread commercial use in lithium ion cells has been inhibited by its tendency to undergo dissolution into the electrolytic solution, which often contains HF or other protic components, at elevated temperatures. To address this problem, several approaches have been used, including the use of protective coating on particle surfaces [1, 2, 3] and the development of new electrolyte salts that do not form acidic species in solution [4, 5, 6] . One of the most intriguing observations is the fact that there is a drastic reduction in Mn dissolution when spinel is combined with another cathode material such as LiNi 0.4 Co 0.3 Mn 0.3 O 2 in a lithium ion battery configuration [7] . This suggests that the Mn dissolution phenomenon is not necessarily intrinsic to all manganesecontaining oxides. Certainly, the electrochemical behavior of manganese oxides varies greatly with structure [8] , so it would not be surprising to find that other properties vary as well. Herein, we describe experiments designed to determine how storage and cycling properties vary with structure for selected layered and tunnel-containing manganese oxides.
Experimental
Eleven kinds of cathode material were selected for this study. Tunnel Powders were washed with ethanol and dried after storage and prior to spectroscopic analysis. X-ray powder diffraction patterns were obtained on the cathode materials before and after storage at 55 o C using a Philips X'Pert diffractometer in the 2θ range from 10 to 70° with monochromatized Cu-Kα radiation. Infrared spectra were obtained on samples before and after storage in KBr pellets using a BOMEM Fourier transform infrared (FTIR) spectrophotometer.
For the preparation of positive electrodes, 0.5 g of polyvinyl difluoride (PVdF, Kynar)
was dissolved in about 7 g of N-methyl-2-pyrrolidone for 1 hour and then 3.5 g of sample powder, 0.5 g of carbon black and 0.5 g of SFG-6 graphite (Timrex Timcal) were added.
After 3 hours of mixing, the resultant viscous slurry was coated on an aluminum foil using oxidation state [9] . These observations strongly suggest that structure and, possibly, substitution effects are also important factors in determining the propensity of manganese oxides to undergo dissolution when protonic species are present. As a caveat, it should be noted that differing amounts of water could be introduced into the electrolytic solutions 7 when metal oxide powders are added, which would change the concentration of HF.
Results and Discussion
Although reasonable care was taken to ensure that all components were dried thoroughly prior to testing, it can be quite difficult to remove all adsorbed water from these powders, especially those with high surface areas. The fact that some of the lowest dissolution rates were still obtained for the highest surface area materials in this study, however, adds support to the conclusion that different manganese oxide structures vary in their propensity to undergo dissolution.
Peak broadening was seen in the XRD pattern of the Li 1+x Mn 2-x O 4 spinel after storage (not shown), suggesting a loss of crystallinity and/or decrease in particle size [17] . This is consistent with the observed Mn dissolution in Figure 1a , which leads to the formation of a defect spinel structure [18, 19] and rapid loss of capacity upon cycling [20] .
Depending upon the details of the storage experiment (type of electrolytic solution, temperature, state-of-charge, etc.), proton exchange [18] , phase separation [20] , film formation, and precipitation of MnO and MnF 2 on particle surfaces [21] , all of which have an adverse impact on the electrochemical characteristics, may also occur. The behavior of the spinel in contact with electrolytic solutions at elevated temperatures has been covered extensively in the literature and is not further considered here.
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The most dramatic changes induced by elevated temperature storage were observed in layered O2-Li 0.484 Na 0.067 MnO 2.02 , in spite of the low Mn dissolution, as seen in the XRD patterns presented in Figure 2a . Peaks in the patterns of the dried compound before exposure are broad due to stacking faults induced by the presence of residual sodium between some of the layers [22] . In addition, a weak reflection due to unexchanged P2-Na 0.7 MnO 2+z precursor material is evident. After storage in solution, the pattern of the O2-Li 0.484 Na 0.067 MnO 2.02 shows a series of prominent very broad peaks overlapping the precursor reflection at low angles, and a second very strong broad peak near 2θ=22.4º.
Those at low angles are strongly reminiscent of 002 reflections belonging to hydrated phases found in samples exposed to the atmosphere; see middle pattern in Figure 2a . In the hydrates, water is inserted between the transition metal layers, causing increases in the dspacings [22] . This water can be removed readily by drying samples above 100ºC, but the O2-hydrates re-form rapidly (often within just a few hours) after re-exposure to the atmosphere.
These results indicate that solvated phases, in which components of the electrolytic solution are inserted between the transition metal layers of O2-Li 0.484 Na 0.067 MnO 2.02 , form 9 during storage. This effect is unlikely to be due solely to residual water, considering the intensities of the reflections.
The peak near 2θ=22.4º is evident in the pattern of the O2 phase exposed to air (middle of Figure 2a ), but it is much weaker than that seen in the pattern of the same material stored for eight weeks in electrolytic solution (top of Figure 2a ). This is most likely an as-yet unidentified decomposition product resulting from exfoliation of the greatly expanded solvate or hydrate phases. Figure 1a) . The intergrowth also forms hydrates or solvates upon storage but to a markedly lesser extent than for O2-Li 0.484 Na 0.067 MnO 2.02 ( Figure 2b ) and there is no evidence of a decomposition product due to exfoliation. However, the relative intensities of h0l reflections between 2θ=35-50° change markedly. In particular, those attributable to the O2 fraction become more prominent while those attributable to O3 decrease. It is unlikely that O2 will convert to O3 under these conditions [22] , instead, a re-orientation of the two components with respect to one another and/or preferential hydration/solvation of one component may be responsible for the observed changes. In fact, O3 structures readily convert to spinels upon electrochemical cycling; Mn 2+ produced from Mn 3+ ions via disproportionation diffuse easily through tetrahedral sites into vacancies in the lithium layer [23] . The dissolution results suggest that Mn 2+ has an enhanced mobility in this stacking arrangement compared to O2 or intergrowth structures.
The movement of comparatively more Mn 2+ ions into the van der Waal's gaps during storage may then effectively prevent expansion of the layers to accommodate solvent or water in O3 structures.
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The XRD patterns of the O2 and O2/O3 compounds exposed to air for prolonged periods show reflections that can be assigned to a Li 2 CO 3 impurity. These are not apparent in the patterns of the freshly prepared and dried materials, suggesting that oxidation takes place upon long-term exposure to air. While Li 2 CO 3 is not seen in the XRD pattern of the O3 compound exposed to air, it can be detected in the FTIR spectrum (Figure 3 ), although it is not seen in the material exposed to the electrolytic solution. In the as-prepared materials, the average oxidation state of Mn is somewhat higher in O3 compounds than in O2 or O2/O3 intergrowths (Table 1) , rendering it somewhat less susceptible to air oxidation.
Cycling data at room temperature and 55ºC for lithium cells containing the three types of layered manganese oxides is presented in Figure 4 . In all cases, higher capacities are obtained initially at 55ºC than at room temperature. This is likely due to an enhanced rate of lithium diffusion. For the O3 cathode, there is an initial rise in capacity both at room temperature and 55ºC as the structure converts to spinel, but decreases occur after about 10 cycles. The rapid capacity loss is associated with volume changes induced by the conversion of spinel to a Jahn-Teller distorted tetragonal phase upon deep discharge [24] .
At elevated temperatures, phenomena associated with Mn dissolution also can contribute to the observed fading. , etc.), which disappear after storage and washing. This constituent must originate from the original preparation, because the spectrum was acquired before any contact with electrolytic solution. Other than these phenomena, the parent LNMO and LNCMO phases appear to be stable during the long contact with electrolytic solution, with no discernible peak broadening and very little alteration in the unit cell parameters. The relative resistance to storage-associated change is reflected in the cycling behavior of these compounds, both at room temperature and 55°C (Figure 7) , in which little capacity fading is observed.
The excellent cycling stability of tunnel compounds with the Na 0.44 MnO 2 structure using liquid electrolytes at room temperature, or polymer electrolytes at elevated temperatures has been previously noted [25] . Dissolution at elevated temperature in liquid electrolytes is, however, so significant (~5-20 ppm Mn 2+ after two weeks) for unsubstituted Li 0.36 MnO 2 that the storage test was terminated early. The sample whose XRD pattern is presented in Figure 8a Progressively less Mn dissolution is observed as Ti substitution in the tunnel structure is increased (Figure 1 ), although several of these compounds also contain an Mn 2 O 3 impurity. An examination of the XRD patterns before and after storage ( Figure 9) show less peak broadening after storage for the more heavily substituted materials than for those containing less Ti. This is reflected in the good cycling behavior at both room temperature and 55ºC ( Figure 10 Although some care needs to be taken to prevent air oxidation of the Ti-substituted tunnel compounds after preparation, they appear to be more stable than layered manganese oxides with respect to storage-induced phenomena. While unoccupied tunnels in these materials are potentially large enough to accommodate water or other small molecules,
there is no evidence of structural deterioration induced by insertion of neutral species.
Under the conditions used in this study, in which the charging voltage was limited to prevent irreversible oxidation of cell components, the discharge capacities of the tunnel compounds is much lower than that of layered manganese oxides, LNMO, and LNCMO.
Up to 180 mAh/g has recently been demonstrated, however, for some Li x Ti y Mn 1-y O 2 compounds when the charging voltage is extended to 4.8V [26] . If a suitably stable electrolyte can be found, the energy densities of these materials can be raised substantially.
Their robustness makes them attractive for use in rugged applications such as hybrid electric vehicles.
Conclusions
The behavior of several layered and tunnel-containing manganese oxides exposed to electrolytic solution at 55ºC for up to eight weeks was examined. The propensity towards
Mn dissolution was shown to be a strong function of structure, type and amount of substitution, among other factors. Formation of expanded solvate phases and exfoliation is also structurally determined, with O2 stacking arrangements and O2/O3 intergrowths more likely to undergo these storage-related changes than O3 arrangements or tunnel compounds.
The tendency towards solvate formation and Mn dissolution explains the cycling behavior of these cathode materials at room temperature and 55ºC. The most stable materials appear to be mixed transition metal layered oxides having Mn in the +4 oxidation state, and Tisubstituted tunnel structures. 
